nternal defence mechanisms of bivalves include the hemocytes which assume several functions. Relationships exist between environmental factors, physiological state of oysters, defence system and pathogens. Hatchery oysters are more and more produced and reared in the field. The characteristics and particularly the defence system of these animals are poorly documented. In this context, two field trials were carried out from May to September 2002 and from April to July 2003 in order to monitor hemocyte parameters of diploid oysters from natural beds and hatchery-produced diploid oysters using flow cytometry. Several hemocyte parameters (cell mortality, granulocyte percentage, phagocytosis, esterase and peroxidase activities) were monitored. For both oyster groups, trend of hemocyte parameters in 2002 and 2003 are reported. For several parameters, values tended to increase over the sampling period in both experiments. For both experiments, phagocytosis was higher for diploids from natural beds compared to hatchery diploids. This is the first study in which trend of hemocyte parameters from the Pacific oyster, Crassostrea gigas, was monitored with short sampling intervals and to compare hatchery diploids and diploids from natural beds.
Introduction
Internal defence mechanisms of bivalves involve circulating cells, the hemocytes. In Crassostrea gigas, two types of hemocytes can be differentiated on the basis of morphological features: hyalinocytes and granulocytes (Cheng, 1981) . Hemocytes are involved in the recognition of invading pathogens and in their elimination by phagocytosis and encapsulation (Cheng, 1981; Fisher, 1986) . Hydrolytic enzymes including esterases and reactive oxygen species (ROS) produced by phagocytic cells play a key role in pathogen killing (Carballal et al., 1997; Hine, 1999) . They have been used as immune capacity indicators in different bivalve species (Auffret et al., 2002; Lambert et al., 2003) . Recent studies show that oyster defences against pathogens including bacteria are influenced both by environmental and physiological parameters (Fisher, 1988; Chu and Hale, 1994; Volety et al., 1999) . Environmental conditions or the presence of oyster parasites such as the protozoan Perkinsus marinus may suppress the bactericidal activity of hemocytes, and lead to the accumulation of bacteria in bivalve tissues (Tamplin and Capers, 1992; Tall et al., 1999) . Furthermore, stress and disease outbreaks sometimes appear to be linked in molluscs (Friedman et al., 1999; Lacoste et al., 2001 ). As a consequence, possible relationships between environmental factors, the physiological state of oysters, their immune system and pathogens needs further investigations. Triploid and diploid oysters are nowadays more and more produced in hatcheries (Nell, 2002) and represents an increasing part of shellfish culture in the field (Soletchnik et al., 2002) . However, this way of production leads to animal selection. The characteristics and particularly the defence system of these animals may be different from the defence system of diploids from natural beds. It appears important to know if these animals are able to respond to environmental pressures as well as natural bed oysters. In 2002 and 2003, two field trials were carried out in Ronce les Bains (Charente Maritime, Altantic coast, France) in order to monitor hemocyte parameters of two groups of Pacific oysters during the summer period. Diploids from natural beds and hatchery bred diploids were deployed in the field. Hemocyte parameters including granulocyte percentage, phagocytosis, percentages of cells possessing hydrolytic enzymes (esterases, peroxidases) were investigated using flow cytometry. Flow cytometry is well suited to morphological and functional characterisation of oyster hemocytes (Fournier et al., 2001; Renault et al., 2001; Sauvé et al., 2002) . In 2002, the sampling period lasted from May to September, and in 2003, from April to July. These periods were chosen because in Marennes-Oleron Basin (Charente-Maritime, France), a high increase in water temperature is reported every year from March to September (Soletchnik et al., 1998) . Moreover, in Marennes-Oleron Bay, this period is the one when mortality outbreaks occur (Soletchnik et al., 1999) . Intervals between sampling dates were short for both years (one or two weeks) in order to monitor the trend of hemocyte parameters of both oyster groups throughout the sampling period. 
Material and Methods

Experimental oysters
Circulating hemocyte collection
After removing the shell by severing the adductor muscle, hemolymph was withdrawn directly from the pericardial cavity by puncture with a 1 mL syringe equipped with a needle (0.9 5 25 mm). For each oyster, 0.5 mL of hemolymph was withdrawn without any buffer. Hemolymph samples were conserved on ice during collection to limit hemocyte aggregation (Xue et al., 2001) . For each group (D and Dh), thirty oysters were sampled at each date. The samples were combined into three pools of 10 oysters each to reduce individual variation and to provide sufficient hemocytes to fulfil assay requirements.
Cell analysis by flow cytometry
Hemocytes were analysed with an EPICS XL 4 flow cytometer (Beckman Coulter) using previously described protocols (Gagnaire et al., 2004) immediately after hemocyte collection and staining for all selected parameters. For each hemocyte pool, 3 000 events were counted. Results were depicted as cell cytograms indicating the relative size (FSC value), the granularity (SSC value) and the fluorescence channel(s) corresponded to the marker used. Percentages of esterase and peroxidase positive cells and phagocytosis were measured based on green fluorescence (FL1) and cell mortality based on red fluorescence (FL3).
Esterase (Est) and peroxidase (Per) activities were evaluated using commercial kits (Cell Probe . Morphological characteristics of hemocytes were also recorded: gates were set on the SSC/FSC plot on the most granular and largest cells in order to determine a granulocyte population (Gra). Phagocytosis (Pha) was measured in vitro as the proportion of cells that had ingested three or more fluorescent beads (Xue et al., 2001; Gagnaire et al., 2004) . Two hundred µL of hemolymph were incubated for one hour in the dark at ambient temperature with 10 µL of a 1/10 dilution of Fluorospheres ® carboxylate-modified microspheres (diameter 1 µm, Interchim). The final concentration of beads was 10 8 beads.mL -1 and the final ration beads/hemocytes was 100/1.
Statistical analysis
Two-ways ANOVAs and Student tests were carried out using Statgraphics ® Plus version 5.1 software. Hemocyte parameters were converted into r angular arc sinus √ (% of mortality) before analysis in order to obtain normal values. Figures were drawn using non-transformed percentage values. In case of a rejection of Ho, an a posteriori LSD (Least Significant Difference) test was applied.
Results
2002
Cell mortality was low except for Dh the 07/25 where a brief increase was observed (Figure 2a ). Another peak, but less important, was observed for D at 08/08 (Figure 2a) . Peroxidase values increased over the sampling period for both animal groups from 2 % (end of May) to 25-45 % in September, with a decrease at the end of June and an increase in August (Figure 2b ). During this increase, values were higher for D oysters compared to Dh oysters (Figure 2b ). Esterase positive cells increased for both oyster groups from 2 % in May to 20-30 % in June-July and 60-80 % in August (Figure 2c ). Values for D were higher than for Dh in August. After the 08/08, values decreased ( Figure  2c ). Phagocytosis decreased for both oyster groups at the beginning of June (2-7 %), then increased during summer (Figure 2d) . Highest values were reached in September. During this increase, values were higher for D oysters compared to Dh oysters (example: on 09/11, 38.3 % and 53.0 % for Dh and D, respectively) ( Figure 2d) . Granulocyte values ranged between 4 % and 20 % during the sampling period for both oyster groups, except for 07/25 where a high value (63.1 %) was recorded for D (Figure 2e ).
Water temperature increased during the experiment and reached a maximum of 21.4°C in mid-August (Figure 1 ). Water temperature appeared positively correlated to granulocyte percentage for Dh (p<0.05).
2003
Cell mortality presented low values and increased over the sampling period for both oyster groups (Figure 3a) . Peroxidase values presented similar variations for both diploid groups and were slightly higher in April May and July for D oysters (Figure 3b ). Esterase positive cells decreased for both oyster groups from April to the end of June, except a high value for both diploids at the end of June (Figure 3c ). From April to June, values were higher for D oysters (Figure 3c ). Phagocytosis decreased for both oyster groups from April to May, then increased in June and decreased again (Figure 3d ). In April and June, values were higher for D oysters (Figure 3d) . Granulocytes values ranged between 4 % and 10 % throughout the sampling period for both oyster groups (Figure 3e ).
Water temperature increased during the experiment and reached a maximum of 23.2°C in mid-July (Figure 1 ). Water temperature appeared positively correlated to cell mortality for D and Dh (p<0.01) and negatively correlated to percentage of esterase positive cells for Dh (p<0.05).
When pooling the data of the whole sampling period, ANOVA showed that phagocytosis values were higher in D oysters compared to Dh oysters, in 2002 (p<0.05) and in 2003 (p<0.05). The other hemocyte parameters presented no significant difference.
Discussion
The hemocyte parameters selected were phagocytosis, presence of esterases and peroxidases, hemocyte mortality, and percentage of granulocytes. These parameters are frequently analysed to study the immune system in bivalves. Phagocytosis can be measured by chemiluminescence (Anderson et al., 1994) . Esterase and peroxidase activities have been measured by electron microscopy (Pipe, 1992) . Moreover, some of these activities, including phagocytosis, cell mortality, and esterase and peroxidase activities have already been analysed using flow cytometry in bivalves and vertebrates (Malin-Berdel and Valet, 1980; Alvarez et al., 1989; Sauvé et al., 2002) .
Although hemocyte parameters including phagocytosis or free radical production are frequently used to define the immune status in bivalves (Cheng and Sullivan, 1984; Alvarez et al., 1989; Anderson et al., 1994) , studies reporting temporal variations of such parameters are less frequent. Moreover, when such studies have been carried out, the frequency of sample collection was often low (Pipe et al., 1995; Auffret and Oubella, 1997; Fisher et al., 2000; Oliver et al., 2001) . One of the purpose of the present study was to use flow cytometry to analyse variations of hemocyte parameters during a sevenmonth period during which samples were collected approximately every 7 to 14 days.
Values increased during the course of the experiments from spring to summer in both oyster groups, D and Dh. No study has reported temporal trend of hemocyte parameters in C. gigas. However, some studies report differences in hemocyte characteristics in bivalves depending on the season. Pipe et al. (1995) described seasonal changes in Mytilus edulis hemocyte parameters and demonstrated a minimal phagocytosis activity in April and a minimal peroxidase activity in June. Antioxidant enzymes, lysozyme and number of circulating hemocytes fluctuated depending on the season (Sole et al., 1995; Fisher et al., 2000; Oliver et al., 2001) . Some correlations were demonstrated between temperature and hemocyte parameters mostly in 2003. Percentage of esterase positive cells was negatively correlated to water temperature. An increase in water temperature induces an increase of physiological activities (Cheney et al., 2000; Peck et al., 2002) and may also enhance hemocyte activities. However, a study reported also a negative correlation between acetylcholinesterase and water temperature (Robillard et al., 2003) . Cell mortality and granulocyte percentage were positively correlated to water temperature and increased at the same dates. A study on separation of hyalinocytes and granulocytes in C. gigas observed that when manipulated, granulocytes were sensitive (degranulation observed) (Bachere et al., 1988) . Granulocytes may be more sensitive also to environmental factors. An increase of hemocyte mortality at high temperatures was reported before (Gagnaire et al., 2006 ). An experiment conducted on Mytilus edulis showed that phagocytosis and the number of circulating cells increased after a temperature increase (Parry and Pipe, 2004) . However, no such relationships was found in our study.
Phagocytosis was lower on Dh for both years. Phagocytosis is one of the most important defence activities in bivalve hemocytes (Cheng, 1983; Alvarez et al., 1989; Goedken and De Guise, 2004) . These results tend to show that hatchery-produced oysters may possess a defence system different from oysters from natural beds. As this study is the first one to compare oysters from hatchery and from natural beds, the biological basis of such differences are unknown. We can hypothesize the role of the reduced heterozygosity. This could lead to a deficiency in variability which could be important for the defence mechanisms. Hatchery-produced oysters may be less immunocompetent than oysters from natural beds. However, phagocytosis differences observed in our study between D and Dh were small.
The difference between the defence mechanisms of hatchery and non-hatchery-produced oysters showed in this study needs to be clarified. In fact, in our study, we measured phagocytosis activity by the internalisation of inert beads. This measure may not directly reflect an immune capacity, although most studies on bivalves use it as a biomarker of defence system (Goedken and De Guise, 2004) . The correlation between a capacity of bead phagocytosis and susceptibility to pathogens should be established. By using pathogen challenges, it would be possible to show if there are differences in susceptibility to infectious diseases between hatchery-bred oysters and natural oysters.
Conclusion
This study showed that there could be some differences in the hemocyte parameters of oysters from hatchery and from natural beds. Further work is needed in order to understand these differences and their significance. 
